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Females of many animal species emit chemical
signals that attract and arouse males for mating.
For example, the major aphrodisiac pheromone of
Drosophila melanogaster females, 7,11-heptacosa-
diene (7,11-HD), is a potent inducer of male-specific
courtship and copulatory behaviors. Here, we
demonstrate that a set of gustatory sensory neurons
on the male foreleg, defined by expression of the
ppk23 marker, respond to 7,11-HD. Activity of these
neurons is required for males to robustly court
females or to court males perfumed with 7,11-HD.
Artificial activation of these ppk23+ neurons stimu-
lates male-male courtship even without 7,11-HD
perfuming. These data identify the ppk23+ sensory
neurons as the primary targets for female sex phero-
mones in Drosophila.INTRODUCTION
Males of most animal species are sexually aroused by aphrodi-
siac pheromones released by receptive females. These chemical
signals can be extraordinarily potent, even minute amounts
being sufficient for the male to track down the female and initiate
an elaborate and largely innate courtship display (Howard and
Blomquist, 2005). The potency, specificity, and instinctive nature
of these responses make them attractive model systems with
which to explore the neural mechanisms that couple sensation
and action in animal behavior. In particular, the courtship
behavior of Drosophila melanogaster has emerged as a promi-
nent model system (Dickson, 2008), not least because of the
powerful genetic tools available in this species and its compara-
tively simple and increasingly well-defined neuroanatomy. The
major female aphrodisiac pheromone of this species has long
been known as the cuticular hydrocarbon 7,11-heptacosadiene
(7,11-HD; Antony et al., 1985). The sensory neurons that detect
7,11-HD have not been identified.
Our ignorance of the neural pathway that detects and
processes the major female aphrodisiac pheromone in
Drosophila is both remarkable and frustrating, given the progress
that has been made in defining the neural circuitry that mediatescourtship itself, including neurons that detect and process other
pheromones (Cachero et al., 2010; Dickson, 2008; Ruta et al.,
2010; Yu et al., 2010). A key entry point in defining this circuitry
was provided by the fruitless (fru) gene, which is expressed in
the developing nervous system and is alternatively spliced to
produce a set of male-specific transcripts (fruM) (Ito et al.,
1996; Ryner et al., 1996). These fruM transcripts encode a family
of putative transcription factors that are largely both necessary
(Ito et al., 1996; Ryner et al., 1996; Villella et al., 1997) and suffi-
cient (Demir and Dickson, 2005; Manoli et al., 2005) to
‘‘program’’ the neural circuitry that produces a courtship display
in response to female pheromones. This is most dramatically
demonstrated by genetic manipulations that reverse the sex
roles, in which females engineered to express fruM court males
that have been engineered to express female pheromones
(Demir and Dickson, 2005).
Normally, fruM is expressed in 2,000 neurons throughout the
male nervous system (Lee et al., 2000); these have been subdi-
vided into100 genetically and morphologically distinct classes
(Cachero et al., 2010; Yu et al., 2010). Collectively, the activity of
these neurons is necessary (Manoli et al., 2005; Stockinger et al.,
2005) and sufficient (Clyne and Miesenbo¨ck, 2008; Kohatsu
et al., 2011; Pan et al., 2011; von Philipsborn et al., 2011) for
the courtship behavior of the adult male. Moreover, several
classes of fru+ neurons have been assigned specific roles in
courtship behavior and mating, including the detection (Ha and
Smith, 2006; Kurtovic et al., 2007) and processing (Datta et al.,
2008; Ruta et al., 2010; Schlief and Wilson, 2007) of phero-
mones, the generation of the courtship song by wing vibration
(Kohatsu et al., 2011; von Philipsborn et al., 2011), the coordina-
tion of the courtship sequence (Manoli and Baker, 2004), and
ejaculation (Lee et al., 2001).
How do chemical signals act upon this circuitry to elicit male
courtship behavior and ensure that it is directed toward virgin
females? Besides 7,11-HD, other chemicals known to influence
courtship behavior are the food odors phenylacetic acid and
phenylacetaldehyde (PA, collectively) and the male pheromones
cis-vaccenyl actetate (cVA) and 7-tricosene (7-T). PA stimulates
courtship, possibly in order to encouragemating and hence egg-
laying on or near food sources (Grosjean et al., 2011). cVA, by
contrast, inhibits courtship (Jallon et al., 1981) and is required
for males to discriminate receptive virgin females from unrecep-
tive females that have recently mated (K. Keleman and B.J.D.,
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and are detected by olfactory sensory neurons (OSNs) that
express the odorant receptors Ir84a and Or67d, respectively
(Grosjean et al., 2011; Ha and Smith, 2006; Kurtovic et al.,
2007). BothclassesofOSN, aswell as the second-order olfactory
projection neurons to which they connect, are fru+ (Datta et al.,
2008; Grosjean et al., 2011; Stockinger et al., 2005). 7-T, a non-
volatile pheromone, is thought to deter males from courting
each other and to be detected by bitter-sensing gustatory
sensory neurons (GSNs) that express multiple gustatory recep-
tors (GRs), including Gr32a and Gr33a (Jallon, 1984; Lacaille
et al., 2007; Miyamoto and Amrein, 2008; Moon et al., 2009).
These GSNs are not themselves fru+, but they may connect to
second-order neurons in the subesophageal ganglion that are
fru+ (Koganezawa et al., 2010).
So how, then, is 7,11-HD detected? Like 7-T, 7,11-HD is
a nonvolatile pheromone and hence likely to be detected by
a specific class of GSNs. We reasoned that, as for the olfactory
inputs related to courtship behavior, the cells that detect
7,11-HD were likely to be fru+. Accordingly, we focused our
attention on a set of fru+ GSNs specifically localized on the tarsi
of male, but not female, forelegs. Here, we present evidence
from behavioral and electrophysiological studies that a subset
of these cells are indeed the neurons that detect 7,11-HD and
mediate its stimulatory effect on courtship behavior.
RESULTS
ppk23+ Gustatory Neurons Function in Male Courtship
Behavior
In the course of screening forGAL4 drivers expressed in specific
subsets of fru neurons (Yu et al., 2010), we found that a ppk23-
GAL4 driver labels many of the fru+ neurons on the male foreleg
(Figure 1A). The ppk23-GAL4 driver labeled 41.7 ± 1.5 cells on
the foreleg (n = 7), 22.6 ± 1.9 cells on the midleg (n = 7), and
18.0 ± 2.1 cells on the hindleg (n = 5), as visualized with the
use of a UAS-mCD8-tomato reporter. We refer here to the
cells expressing ppk23-GAL4 as ppk23+ cells, although we
have not been able to directly confirm that they also express
the ppk23 gene.
In males, 31.5 ± 1.8 of the ppk23+ cells on the foreleg were
also fru+, as visualized with fruLexA and a lexAop-myrGFP
reporter (n = 5, Figure 1A), whereas none of the 27.5 ± 1.5
ppk23+ cells on the female foreleg were fru+ (n = 6). The presence
of ppk23+ fru+ cells on the male foreleg was confirmed by inter-
secting the ppk23-GAL4 expression pattern with that of fru,
using the fruFLP allele and a UAS > stop > mCD8-GFP reporter.
This restricted expression to 17.2 ± 1.1 cells on the male foreleg
(n = 6), with no cells being labeled on the mid- or hindlegs. The
ppk23-GAL4 driver also labeled cells in the wing and proboscis
(that were not fru+), but no cells in the central nervous system.
If ppk23+ neurons detect the pheromones that control male
courtship behavior, then silencing synaptic transmission by
these neurons should result in reduced or aberrant courtship.
We tested this prediction by using ppk23-GAL4 and a UAS-TNT
transgene to drive expression of tetanus toxin light chain in these
cells (Sweeney et al., 1995). Compared to control males carrying
an inactive version of the TNT transgene (UAS-TNTin), males
with the active TNT variant were slower to initiate courtship of600 Cell Reports 1, 599–607, June 28, 2012 ª2012 The Authorsfemales, courted less (as assessed by the frequency of wing
extension), and copulated less (Figure 1B). These courtship
deficits were observed only in courtship assays performed in
the dark, possibly because contact-dependent pheromone
signals are less relevant in the small courtship chambers used
in our assays if visual cues are also available (Krstic et al.,
2009). Silencing of ppk23+ neurons also resulted in a slight
increase in male-male courtship in assays performed under light
conditions, but not in the dark (Figure 1C). The level of courtship
directed toward othermaleswas, however, still well below that of
courtship toward females (Figures 1B and 1C). These data
suggest that some ppk23+ neurons detect a female aphrodisiac
pheromone, whereas others might detect inhibitory pheromones
from males.
The ppk23 gene encodes amember of the degenerin/epithelial
sodium channel (Deg/ENaC) family, other members of which
function in the detection of various stimuli such as water (Ca-
meron et al., 2010; Chen et al., 2010), acid (Wang et al., 2008),
salt (Liu et al., 2003), and mechanical stimulation (Adams et al.,
1998). We tested whether ppk23 itself might function in phero-
mone detection by examining the courtship behavior of ppk23D
null mutant flies, which carry a 14.3 kb deletion that specifically
removes ppk23 and the neighboring gene CG43658 (Chen
et al., 2010). This deletion was created by targeted recombina-
tion between two independent transposon insertions that flank
but do not disrupt ppk23: ppk23f02390 and ppk23e03639. These
parental strains served as controls. We found that ppk23mutant
males courted females less (and less successfully), and other
males more, than did either of the parental control strains
(Figures 1D and 1E). As in the silencing experiments, male-
female courtship wasmost notably affected in assays performed
in the dark, and male-male courtship was observed only in
assays performed in the light. Although we cannot definitively
attribute the phenotypes of these deletion mutants to ppk23,
these data are consistent with the notion that ppk23 itself func-
tions in the detection of both female and male pheromones.
ppk23+ fru+ Neurons Respond to 7,11-HD
These behavioral studies strongly implicate ppk23+ GSNs in the
detection of multiple pheromones, including 7,11-HD. To test
this prediction, we recorded extracellular responses to pure,
synthetic 7,11-HD from the tips of the taste sensilla that house
the ppk23+ neurons. These sensilla are distributed on the dorsal
surface of the foreleg and have the curved shaft and unipole tip
characteristic of chemosensory sensilla (Nayak and Singh,
1983). We focused on three pairs of sensilla on the fourth tarsal
segment, which we refer to as the Tm4a, Tm4b, and Tm4c
sensilla (Figure 2A). We recorded from these sensilla in flies in
which the ppk23+ fru+ neurons were thermogenetically activated
by using fruFLP and aUAS > stop > trpA1 transgene. Two distinct
classes of spikes were observed (Figure 2B). Type 1 spikes, with
an amplitude of 6.7 ± 1.8 mV (n = 11), were observed at low fre-
quency from the beginning of the recording and did not increase
in frequency upon heat activation through the use of an infrared
laser. In contrast, type 2 spikes, which have an amplitude of
4.7 ± 2.4 mV (n = 4), were strictly dependent upon thermogenetic
activation of the ppk23+ neurons. These type 2 spikes thus
represent the physiological signature of the ppk23+ neurons.
Figure 1. ppk23+ Gustatory Neurons Function in Male Courtship Behavior
(A) Forelegs of ppk23-GAL4 fruLexA UAS-mCD8-tomato, lexAop-myrGFP flies, showing ppk23+ neurons (red) and fru+ neurons (green).
(B and C) Courtship parameters of ppk23-GAL4 UAS-TNT (red) and ppk23-GAL4 UAS-TNTin (blue) males, in single-pair assays performed in the light (bright
colors) or dark (pale colors), with either virgin female (B) or male (C) targets. n.s. 0.05 < p, * 0.01 < p% 0.05, ** 0.001 < p% 0.01, ***p% 0.001, for comparisons to
respective UAS-TNTin controls; Log-rank test (courtship latency, n = 60–70 [B] or 47–50 [C]), t test (wing extensions, n = 50–54 [B] or 42–50 [C]), Fischer’s exact
test (copulation frequency, n = 78–86 [B]).
(D and E) Courtship parameters of ppk23D null mutant (red) and control (blue, green) males, in single-pair assays performed in the light (bright colors) or dark (pale
colors), with either virgin female (D) ormale (E) targets. n.s. 0.05 < p, * 0.01 < p% 0.05, ** 0.001 < p% 0.01, ***p% 0.001, for comparisons to respective ppk23f02390
and ppk23e03639 controls; Log-rank test (courtship latency, n = 51–59 [D] or 51–62 [E]), ANOVA (wing extensions, n = 51–56 [D] or 51–57 [E]), Fischer’s exact test
(copulation frequency, n = 61–90 [D]).We further examined the responses of Tm4c sensilla to
sucrose, salt, and water, using 100 mM sucrose in 1 mM KCl,
1 M NaCl, and 1 mM KCl, respectively, as stimuli. For compar-
ison, we also recorded from Tm5b sensilla, which do not house
ppk23+ neurons. These Tm5b sensilla responded to each of
these stimuli with high-frequency spikes (>40 Hz) of distinct
amplitudes (Figures 2C and 2D). Tm5b thus represents the
common type of tarsal taste sensillum, housing distinct neurons
for the detection of sweet (S), salt (L1), and water (W) tastants
(Meunier et al., 2000; Meunier et al., 2003). In Tm4c sensilla, in
contrast, we observed only type 1 spikes in response to sucrose,
salt, and water, and only at low frequency (<11 Hz; Figures 2Cand 2D). These type 1 spikes are evidently a nonspecific
response to our recording solution. Tm4c thus appears to be
a specialized class of taste sensillum, housing neurons that do
not mediate any of the common taste modalities.
To test whether Tm4c sensilla respond to pheromones, we
applied 20 ng/ml of 7,11-HD in 1M KCl. In 3 of 15 recordings,
7,11-HD induced high-frequency (59.6 ± 21.6 Hz) firing with
type 2 spikes characteristic of the ppk23+ cells (Figures 2E and
2F). These cells exhibited a fast adaptation to stimulus presence,
the firing rate decaying to background levels (5.2 ± 3.1 Hz) within
3 s of exposure to 7,11-HD (Figure 2G; spike amplitude remained
constant, Figure 2H). Rapid firing resumed each time theCell Reports 1, 599–607, June 28, 2012 ª2012 The Authors 601
Figure 2. ppk23+ Neurons in Tm4 Sensilla Detect 7,11-HD
(A) Foreleg tarsus of ppk23-GAL4 fruFLP UAS > stop > mCD8-GFP male, showing the sensilla targeted for electrophysiological recordings.
(B) Recording from Tm4c sensilla of a ppk23-GAL4 fruFLP UAS > stop > trpA1 male, subjected to heat treatment with an IR-LED.
(C) Recordings from Tm4c and Tm5b sensilla of ppk23-GAL4 UAS-mCD8-GFP males upon stimulation with 1 mM KCl (water), 100 mM sucrose in 1 mM KCl
(sugar) or 1 M NaCl (salt).
(D) Spike frequency of Tm4 and Tm5b sensilla upon stimulation with water, sugar, or salt. No significant differences were observed in recordings from Tm4a,
Tm4b, and Tm4c sensilla, which have been pooled as Tm4. Data represent the mean ± SEM of 6–11 recordings from Tm4 sensilla of four flies and 5–7 recordings
from the Tm5b sensilla of seven flies.
(E) Recordings from Tm4c sensilla of wild-type (Canton S) males upon repeated stimulation with 7,11-HD.
(F) Frequency of type 1 and type 2 spikes in Tm4c sensilla upon stimulation with 7,11-HD. Data represent the mean ± SEM (n = 15).
(GandH)Frequency (G)andamplitude (H)of type2spikes inTm4csensillawithin1, 2, and3safter theapplicationof 7,11-HD.Data represent themean±SEM(n=4).
*p < 0.05, **p < 0.01, ***p < 0.001; t test.
602 Cell Reports 1, 599–607, June 28, 2012 ª2012 The Authors
Figure 3. ppk23+ Neurons Mediate Behavioral Responses to 7,11-HD
Courtship parameters of ppk23-GAL4 UAS-TNT (red), ppk23-GAL4 UAS-TNTin (blue), and ppk23-GAL4 UAS-Kir2.1 (green) males, in single-pair assays
performed in the dark with target males perfumedwith either 7,11-HD (bright colors) or solvent alone (pale colors). n.s. 0.05 < p, ** 0.001 < p% 0.01, ***p% 0.001,
for comparisons to UAS-TNTin controls; Log-rank test (courtship latency), t test (wing extensions); n = 52–57.stimulus was applied (Figure 2E). These type 2 spikes were
never observed (0 of 15 recordings) upon stimulation with
solvent alone.
ppk23+ Neurons Mediate the Behavioral Response to
7,11-HD
7,11-HD is a powerful aphrodisiac pheromone for male flies,
sufficiently potent to override male inhibitory pheromones
when applied ectopically to the male cuticle. Males thus
perfumed with 7,11-HD become attractive courtship targets for
other males. If ppk23+ neurons are primarily responsible for the
detection of 7,11-HD, then silencing these neurons should impair
not only the normal courtship toward females, but also the aber-
rant courtship toward 7,11-HD-perfumed males. Indeed, in
assays performed in the dark, males perfumed with solvent
alone were not appreciably courted by other males, regardless
of whether or not the ppk23+ neurons were silenced (Figure 3).
In contrast, males perfumed with 7,11-HD were vigorously
courted by males expressing the inactive TNT transgene (TNTin)
in ppk23+ neurons, but not by males expressing the active form
(TNT; Figure 3). Similarly, silencing the electrical activity of
ppk23+ neurons with Kir2.1 (Baines et al., 2001) also eliminated
courtship toward 7,11-HD-perfumed males. These data demon-
strate that ppk23+ neurons mediate courtship stimulation in
response to 7,11-HD.
Activation of ppk23+ Neurons Mimics Courtship
Stimulation by 7,11-HD
The ppk23+ neurons respond to 7,11-HD, and their synaptic
transmission is essential for the aphrodisiac effect of this phero-
mone. Is their activity also sufficient to elicit this behavioral
response? We tested this by using either a trpA1 transgene for
acute thermogenetic activation of these neurons (Hamada
et al., 2008) or a NaChBac transgene to chronically raise their
resting potential and thereby increase both their spontaneous
and their induced firing rates (Ren et al., 2001). The prediction,
for both strategies, is that such males would court even
unperfumed males. This was indeed the case (Figures 4A and
4B). Male-male courtship was also observed with the use ofa UAS > stop > trpA1 transgene in combination with fruFLP (Fig-
ure 4C), so we attribute these effects to activation of the fru+
subset of ppk23+ neurons. In males expressing NaChBac in
ppk23+ neurons, we also tested courtship toward females and
found it to be unaltered (Figure 4D). Thus, we conclude that acti-
vation of ppk23+ neurons mimics exposure to 7,11-HD applied
ectopically to males but does not interfere with the response
to endogenous 7,11-HD on females or mimic exposure to an
inhibitory pheromone.
Interestingly, males with artificially activated ppk23+ neurons
did not show any signs of courtship behavior in isolation
(n = 16). This is in stark contrast to the behavior of single males
in analogous experiments involving thermogenetic activation
of neurons thought to be components of the song circuitry
(Kohatsu et al., 2011; von Philipsborn et al., 2011). We therefore
infer that activation of the ppk23+ neurons is sufficient to mimic
exposure to 7,11-HD signal. This signal alone is not able to elicit
courtship behavior but, rather, acts in concert with other stimuli
that can be provided by flies of either sex.
DISCUSSION
We have presented evidence that ppk23+GSNs are activated by
the female aphrodisiac pheromone 7,11-HD and that the activity
of these neurons is both necessary and sufficient for the court-
ship behavior that it elicits. These conclusions are consistent
with data obtained independently in the Scott (Thistle et al.,
2012) and Ben-Shahar (Lu et al., 2012) labs.
Silencing ppk23+GSNs increases the latency and reduces the
intensity with which males court either females or other males
that have been perfumed with 7,11-HD. The effect of silencing
these neurons is significantly more pronounced under dark
conditions, suggesting that, at least in the small assay chambers
used in our experiments, the inability to detect 7,11-HD can be
compensated in part by visual cues. This result, which was
also observed by Lu et al. (Lu et al., 2012), is consistent with
the finding that males still court females lacking 7,11-HD and
other cuticular pheromones in assay conditions similar to ours
(Billeter et al., 2009), as well as data suggesting that males canCell Reports 1, 599–607, June 28, 2012 ª2012 The Authors 603
Figure 4. Activation of ppk23+ fru+ Neurons Stimulates Male Courtship
Courtship parameters of ppk23-GAL4 UAS-trpA1 (A, red), ppk23-GAL4 UAS-NaChBac (B and D; red), and ppk23-GAL4 fruFLPUAS > stop > trpA1 (C, red) males,
in single-pair assays performed in the light with target males (A, B, C) or females (D). n.s. 0.05 < p, ***p% 0.001, for comparisons to single-transgene controls;
Log-rank test (courtship latency, n = 49–54 [A, C, D] or 82–88 [B]), ANOVA (wing extensions, n = 49–54 [A–D]).
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flexibly use multiple cues to find and woo a mate (Krstic et al.,
2009; Markow, 1987). Nonetheless, insensitivity to the major
female aphrodisiac pheromone is likely to significantly compro-
mise a male’s reproductive fitness in the competitive conditions
of the natural environment.
Activation experiments further highlight the importance of
context in the behavioral response to the 7,11-HD signal. Artifi-
cially activating ppk23+ GSNs is sufficient to stimulate courtship
in the absence of 7,11-HD, but not in the absence of another fly.
In contrast, activating specific brain neurons induces even iso-
lated males to court (Kohatsu et al., 2011; von Philipsborn
et al., 2011). Thus, if the 7,11-HD signal ultimately feeds into
these brain neurons, then it is likely to be only one of multiple
signals required to activate them. Whatever these other contex-
tual cues are, they are evidently not specific to females, and
indeed may not even be specific to Drosophila.
Silencing ppk23+ GSNs not only impaired male-female court-
ship, but also resulted in a low but significant level of male-male
courtship, as also observed by Thistle et al. (Thistle et al., 2012).
As 7,11-HD is produced only by females (Everaerts et al., 2010),
this male-male courtship cannot be attributed to abnormal
responses to 7,11-HD. Rather, it implies that ppk23+ GSNs are
also involved in the detection of male inhibitory pheromones.
The simplest scenario is that the ppk23+ neurons are functionally
heterogeneous. Some ppk23+ GSNs, including those in the
Tm4c sensilla we recorded from, respond to female phero-
mones, whereas others might respond to male pheromones.
Indeed, recent imaging studies have shown that a subset of
ppk23+ GSNs respond to male inhibitory pheromones 7-T and
cVA (Thistle et al., 2012). Artificial activation of ppk23+ GSNs
does not, however, mimic exposure to these inhibitory phero-
mones by suppressing male-female courtship, presumably
because the 7,11-HD-responsive neurons are also activated in
these experiments. This interpretation is supported by data
from perfuming experiments demonstrating that the application
of 7,11-HD overrides the inhibitory effects of 7-T and cVA
(Billeter et al., 2009). Further disentanglement of the functional
diversity of ppk23+ GSNs awaits the development of more
specific genetic reagents for the selective targeting of these
distinct cell types.
What is the molecular nature of the receptor for 7,11-HD ex-
pressed in ppk23+ GSNs? Two members of the GR family of
gustatory receptors, Gr68a and Gr39a, have previously been
proposed to mediate male responses to female pheromones
(Bray and Amrein, 2003; Watanabe et al., 2011). The cells that
express these GRs are, however, distinct from the ppk23+
neurons we have described, and indeed, further study of
Gr68a has failed to confirm its putative role in the chemosensory
regulation of male courtship behavior (Ejima and Griffith, 2008;
K. Keleman and B.J.D., unpublished data). It is therefore unlikely
that either Gr68a or Gr39a functions as a 7,11-HD receptor in
ppk23+ neurons. An alternative possibility is that the Ppk23
protein itself is a component of the 7,11-HD receptor. Like the
canonical families of insect chemoreceptors (Benton et al.,
2006; Sato et al., 2008; Wicher et al., 2008), some members of
the Deg/ENaC family are also thought to form ligand-gated
cation channels (Cameron et al., 2010; Chandrashekar et al.,
2010; Chen et al., 2010).Deg/ENac proteins typically form heteromeric complexes of
three to nine subunits, raising the possibility that Ppk23 might
form a receptor complex together with other members of the
Ppk family. In such a scenario, ligand specificity might be
conferred by subunits other than Ppk23, explaining why ppk23
is required for the behavioral responses to both female and
male pheromones. Indeed, at least two other members of the
Ppk family, Ppk25 and Ppk29, are likely to be coexpressed
with Ppk23 in some of the fru+ GSNs (Starostina et al., 2012;
Thistle et al., 2012). Both Ppk25 and Ppk29 are required for
robust male courtship toward females, but neither is required
to prevent males from courting each other (Starostina et al.,
2012; Thistle et al., 2012). Ppk23 might thus form heteromeric
complexes with Ppk25 and/or Ppk29 to detect female phero-
mones and with other subunits to detect male pheromones.
We caution, however, that our data do not preclude a more
general role for Ppk23 in the function of these pheromone-
sensing cells. Additional data from heterologous systems will
be required to test whether Ppk23 and other members of this
family indeed act as pheromone receptors.
Regardless of the molecular nature of the 7,11-HD receptor,
our identification of its cellular targets paves the way for investi-
gating the neural mechanisms by which this pheromone ulti-
mately induces males to court. We can now begin to trace the
neural pathways that further process the 7,11-HD signal, which
thereby integrate it with other sensory inputs to elicit a robust
courtship response and ensure that this response is directed
only at the most appropriate targets.
EXPERIMENTAL PROCEDURES
Fly Stocks
ppk23-Gal4 was generated by PCR amplification of a 2,336 bp fragment
immediately 50 to the ppk23 start codon, cloning into a phiC31-compatible
GAL4 vector, and insertion via phiC31-mediated transgenesis into the
VIE-260b landing site. Other stocks that were used include UAS-TNTin
and UAS-TNT (Sweeney et al., 1995), UAS-Kir2.1 (Baines et al., 2001),
UAS-mCD8-GFP (Bloomington stock number 5137), UAS-mCD8-tomato
(F. Schnorrer and B.J.D., unpublished data), lexAop-myrGFP (Pfeiffer et al.,
2010), UAS > stop > mCD8-GFP; fruFLP (Yu et al., 2010), UAS-NaChBac
(Wang and Anderson, 2010), UAS > stop > trpA1; fruFLP (von Philipsborn
et al., 2011), and ppk23e03639, ppk23f02390, and ppk23D (Chen et al., 2010).
Behavioral Assays
For silencing experiments, flies were reared at 25C, andmales were collected
shortly after eclosion and aged individually for 4–6 days at 25C under a 12 hr
dark-light cycle. Behavior assays were carried out 3 hr before the onset of
darkness. Target females were 4–5 days old and aged in groups. For the
perfuming assay, 500 ng of 7,11-HD (synthesized by Convertex) dissolved in
acetone was perfumed over the target w1118 male fly abdomen 1 hr before
the assay. For thermogenetic activation experiments, trpA1-expressing flies
were reared at 22C, and males were collected shortly after eclosion and
were aged individually for 10–11 days at 22C. Temperature during the
behavior assays was raised from 25C to 32C over 10 min. Courtship latency
was defined as the time until the first wing extension, and copulation frequency
was defined as the percentage of flies copulating within 10 min. Wing exten-
sions were counted for 10 min or until copulation occurred.
Electrophysiology
Male flies 3–5 days old were decapitated, secured on a cover glass with wax,
and electrically grounded with a glass capillary filled with modified Ringer’s
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were covered and grounded by electrode gel (Spectra 360, Parker Laborato-
ries), and forelegs were positioned with the dorsal surface facing upwards and
were immobilized with Scotch tape. All recordings were performed from the
tarsal sensilla Tm4a, Tm4b, Tm4c, and Tm5b on the foreleg. For stimulation,
the sensilla tip was briefly covered with a recording electrode containing an
electrolyte (1 mM KCl) and, where appropriate, 7,11-HD (20 ng/ml, predis-
solved in 0.5% DMSO), 100 mM sucrose plus 1 mM KCl, 50 mM NaCl, or
1 mM KCl. Repetitive stimulations were spaced at least 2 min apart to avoid
sensory adaptation. For thermogenetic activation, forelegs were subjected
to a brief (<10 s) exposure to an IR-LED (880 nm, 25 mW; AixiZ). The recording
electrode, which had a tip diameter of 10–20 mm,was connected to a 200B Ax-
opatch Amplifier (Molecular Devices) and a DP-301 differential amplifier
(Warner Instruments). The electrical signals were amplified 100-fold and
were low-pass-filtered at 2 kHz. Data were acquired with a 1440A D-A
converter (Molecular Devices, sampling rate 10 kHz) and analyzed with
Clampfit 10.0 software (Molecular Devices). Spikes occurring between 0.2
and 1.2 s after stimulus application were counted to determine the evoked
firing frequency.
Immunohistochemistry and Image Analysis
Flies were reared at 25C and aged for 4 to 6 days, and confocal stacks of fly
legs were acquired with a Zeiss LSM700 with a Multi Immersion Plan-Neofluar
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